Through laboratory testing, this research studied the connection between air-void structures of hardened concrete and fresh concrete and discussed the effects of the air-void structure on the salt-frost durability of the concrete. The results demonstrate that, in comparison with fresh concrete, the air-void spacing factor shows a close correlation with hardened concrete air-content and decreases in the form of a power function as the air-content increases. When the fresh concrete air-content is more than 6% and the hardened concrete air-void spacing factor is less than 0.18 mm, the influence of parameters of air-void structure on the salt-frost resistance of the concrete reduces. The air-void spacing factor more significantly affects the salt-frost resistance of the concrete compared with air content and the correlation reaches 0.93. Therefore, air-content and air-void spacing factor are recommended for dual control.
Introduction
Deicing salt inducing salt-frost damage to road and bridge concrete in cold regions has been an important adverse factor for the durability of concrete structures. Earlier studies have pointed out that micro-air-void structures in concrete exert important effects on durability [1] . The osmotic hypothesis [2] proposed by Powers and Helmuth in 1953 further shows confirmation of how an air-void structure affects the frost resistance durability of concrete. Air entrainment has been proved to be an effective measure for improving the frost resistance and the salt-frost resistance of concrete. After air entrainment in the concrete, air voids are able to effectively buffer diverse stress generated in cement mortars, thus taking on the function as a buffer airbag [3] . The research of G. Fagerlund [4] shows that too high air content causes a less stable air-void structure and forms continuous air voids, raising the absorption amount of water during freezing and thawing, which is disadvantage to frost resistance. At present, air-void testing technology [5] has been gradually developed from a single index (i.e., air content of fresh concrete in the early stages into multi-index, such as air-void spacing factor and air-void specific surface area of hardened concrete currently). This also leads to in-depth researches on the salt-frost resistance of concrete. A number of studies [6] [7] [8] have found that the necessary condition to protect concrete from frost damage is not the air content, but, rather, a good air-void structure in hardened cement pastes, especially the air-void spacing factor. It is generally believed that concrete has good frost resistance when the air-void spacing factor is less than 0.25 mm. Previous studies [9, 10] also reveal that, except for air-void structures, surface conditions also have great effects on the salt-frost resistance of concrete. Even if the air-void spacing factor of the concrete is smaller than 0.25 mm, salt-frost durability can be dramatically reduced if the surface performance of the concrete is attenuated in the process of plastering and usage. Furthermore, salt-frost durability of concrete under coupling effects in the load environment is different from that in a single environment [11] . This study mainly analyzed the air-void structure in concrete by using an air-void analyzer (AVA) and a tester for parameters of the air-void structure in hardened concrete, and discussed the influence laws of air content and parameters of the air-void structure on the salt-frost durability of concrete. In addition, in view of the salt-frost durability of concrete, control indexes (i.e., appropriate air content and air-void spacing factor) were put forward.
Materials and Test

Test Materials
The P O 42.5 ordinary Portland cement (Table 1 ) and well-graded medium sand with fineness modulus of 2.67 were used. The syenite was used as coarse aggregate (Table 2 ) and the two graded aggregates with particle sizes of 5~20 mm and 20~40 mm were adopted. The ratio was 3:7. Moreover, naphthalene-based superplasticizer and MicroAir aqueous surfactant solution-type air entraining agent were utilized. Mixing water was tap water. 
Mixing Ratio of the Concrete
The ratio of cement, water, sand and pebble sand, pebble and water was 447:170:674:1,099,674:1099:170. Air entraining agent was added according to mass percentage of cement content and its amount of mixing was adjusted in accordance with air content of fresh concrete. Moreover, the slump of the concrete was controlled in the range of 30~50 mm.
Test Equipment and Methods
An AVA produced by the Sanyo Company in Japan was used to test air content of fresh concrete, as shown in Figure 1 . The RapidAir 457 image analyzer for the air-void structure in hardened concrete, from the Germann Instruments Company in the Kingdom of Denmark, was utilized to test the air-void spacing factor, as shown in Figure 2 . Furthermore, salt-frost scaling resistance of the concrete was tested by using the Collider Detector at Fermilab (CDF) experimental machine, as shown in Figure 3 . Salt-frost test was conducted in light of the CDF test method recommended by RILEM (International Union of Laboratories and Experts in Construction Materials, Systems and Structures) [12] and concrete specimens were molded in accordance with the designed ratio of mixing. After inserting a PTEF (polytetrafluoroethylene) partition into the sample, molding was performed through vibration. There were five molded specimens with the dimension of 150 × 150 × 150 mm in each group. After curing for 28 d in a standard curing room, the specimens were split into half and the surfaces ( Figure 4 ) formed with the partition were used in the salt-frost test, with the dimension of 150 × 150 mm. After drying the specimen outside, butyl rubber with aluminum foil was used to seal the specimens for 28 d. After that, they were immediately immersed into salt solution of 3% concentration in a test chamber in the depth of 5 mm. Freezing and thawing test was carried out immediately afterwards. Salt-frost test was conducted in light of the CDF test method recommended by RILEM (International Union of Laboratories and Experts in Construction Materials, Systems and Structures) [12] and concrete specimens were molded in accordance with the designed ratio of mixing. After inserting a PTEF (polytetrafluoroethylene) partition into the sample, molding was performed through vibration. There were five molded specimens with the dimension of 150 × 150 × 150 mm in each group. After curing for 28 d in a standard curing room, the specimens were split into half and the surfaces ( Figure 4 ) formed with the partition were used in the salt-frost test, with the dimension of 150 × 150 mm. After drying the specimen outside, butyl rubber with aluminum foil was used to seal the specimens for 28 d. After that, they were immediately immersed into salt solution of 3% concentration in a test chamber in the depth of 5 mm. Freezing and thawing test was carried out immediately afterwards. Salt-frost test was conducted in light of the CDF test method recommended by RILEM (International Union of Laboratories and Experts in Construction Materials, Systems and Structures) [12] and concrete specimens were molded in accordance with the designed ratio of mixing. After inserting a PTEF (polytetrafluoroethylene) partition into the sample, molding was performed through vibration. There were five molded specimens with the dimension of 150 × 150 × 150 mm in each group. After curing for 28 d in a standard curing room, the specimens were split into half and the surfaces ( Figure 4 ) formed with the partition were used in the salt-frost test, with the dimension of 150 × 150 mm. After drying the specimen outside, butyl rubber with aluminum foil was used to seal the specimens for 28 d. After that, they were immediately immersed into salt solution of 3% concentration in a test chamber in the depth of 5 mm. Freezing and thawing test was carried out immediately afterwards. [12] and concrete specimens were molded in accordance with the designed ratio of mixing. After inserting a PTEF (polytetrafluoroethylene) partition into the sample, molding was performed through vibration. There were five molded specimens with the dimension of 150 × 150 × 150 mm in each group. After curing for 28 d in a standard curing room, the specimens were split into half and the surfaces ( Figure 4 ) formed with the partition were used in the salt-frost test, with the dimension of 150 × 150 mm. After drying the specimen outside, butyl rubber with aluminum foil was used to seal the specimens for 28 d. After that, they were immediately immersed into salt solution of 3% concentration in a test chamber in the depth of 5 mm. Freezing and thawing test was carried out immediately afterwards. 
Salt-frost test was conducted in light of the CDF test method recommended by RILEM (International Union of Laboratories and Experts in Construction Materials, Systems and Structures)
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By further analyzing data of the salt-frost scaling of the concrete with different air contents after 28 cycles, as presented in Figure 9 , it is found that the scaled mass of the concrete due to salt-frost reduces [15] in the form of a power function with the increase of air content and the correlation coefficient is up to 0.78. When the air content of fresh concrete is higher than 6%, the trend of the scaled mass of the concrete decreasing with the rise of air content gradually slows down. Figure 9 . The relationship between the air content and the scaled mass of fresh concrete due to salt-frost. Figure 10 demonstrates the compressive strength of the concrete linearly declined with the growth of air content in the fresh concrete, with the correlation coefficient of 0.76. Moreover, the compressive strength of the concrete reduced by about 4% every time the air content rose by 1%, as shown in Figure 10 . 
Air-Void Spacing Factor
Based on further analysis of the data of the air-void spacing factor of hardened concrete and the scaled mass of the concrete due to salt-frost, as presented in Figure 11 , it is found that the air-void factor shows a good relationship with the salt-frost scaling of the concrete [16] , and their correlation reaches 0.93. With the constant decrease of the air-void spacing factor, the scaled mass of the concrete specimens due to salt-frost rapidly reduces. When the air-void spacing factor decreases from 0.4 to 0.2 mm, the scaled mass reduces from 1.6 to about 0.3 kg/m 2 , by about 80%. When the air-void spacing factor is smaller than 0.18 mm, its influence on salt-frost scaling resistance reduces. Figure 11 . The relationship between the air-void spacing factor and the scaled mass of hardened concrete due to salt-frost. Figure 12 presents the relationship between the compressive strength and the air-void spacing factor. The lower the air-void spacing factor was, the denser the air voids and the lower the compressive strength of concrete, as presented in Figure 9 . The correlation coefficient between the air-void spacing factor and the compressive strength of the concrete was 0.57. 
Based on further analysis of the data of the air-void spacing factor of hardened concrete and the scaled mass of the concrete due to salt-frost, as presented in Figure 11 , it is found that the air-void factor shows a good relationship with the salt-frost scaling of the concrete [16] , and their correlation reaches 0.93. With the constant decrease of the air-void spacing factor, the scaled mass of the concrete specimens due to salt-frost rapidly reduces. When the air-void spacing factor decreases from 0.4 to 0.2 mm, the scaled mass reduces from 1.6 to about 0.3 kg/m 2 , by about 80%. When the air-void spacing factor is smaller than 0.18 mm, its influence on salt-frost scaling resistance reduces.
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Based on further analysis of the data of the air-void spacing factor of hardened concrete and the scaled mass of the concrete due to salt-frost, as presented in Figure 11 , it is found that the air-void factor shows a good relationship with the salt-frost scaling of the concrete [16] , and their correlation reaches 0.93. With the constant decrease of the air-void spacing factor, the scaled mass of the concrete specimens due to salt-frost rapidly reduces. When the air-void spacing factor decreases from 0.4 to 0.2 mm, the scaled mass reduces from 1.6 to about 0.3 kg/m 2 , by about 80%. When the air-void spacing factor is smaller than 0.18 mm, its influence on salt-frost scaling resistance reduces. Figure 11 . The relationship between the air-void spacing factor and the scaled mass of hardened concrete due to salt-frost. Figure 12 presents the relationship between the compressive strength and the air-void spacing factor. The lower the air-void spacing factor was, the denser the air voids and the lower the compressive strength of concrete, as presented in Figure 9 . The correlation coefficient between the air-void spacing factor and the compressive strength of the concrete was 0.57. Figure 11 . The relationship between the air-void spacing factor and the scaled mass of hardened concrete due to salt-frost. Figure 12 presents the relationship between the compressive strength and the air-void spacing factor. The lower the air-void spacing factor was, the denser the air voids and the lower the compressive strength of concrete, as presented in Figure 9 . The correlation coefficient between the air-void spacing factor and the compressive strength of the concrete was 0.57. 
Conclusions
(1) The air content of hardened concrete was linearly correlated with that of fresh concrete and showed an average loss of about 16% in comparison with that of the fresh concrete. (2) The air-void spacing factor was closely related to air content. The air-void spacing factor showed a decreasing trend in the form of a power function with the increase of air content, and was more closely correlated with the air content of hardened concrete compared with that of fresh concrete. (3) The compressive strength of concrete linearly changed with increasing air content, with the correlation coefficient of 0.76. Moreover, there was a certain linear relationship between the compressive strength of concrete and the air-void spacing factor, showing the correlation coefficient of 0.57. (4) In comparison with air content, the salt-frost resistance of the concrete was more closely correlated with the air-void spacing factor. When the air-void spacing factor was smaller than 0.18 mm, the effect of air-void parameters on the salt-frost resistance of the concrete showed a decreasing trend. If the air content of fresh concrete is adopted to control the quality of concrete, 6% is recommended as the standard. 
(1) The air content of hardened concrete was linearly correlated with that of fresh concrete and showed an average loss of about 16% in comparison with that of the fresh concrete. (2) The air-void spacing factor was closely related to air content. The air-void spacing factor showed a decreasing trend in the form of a power function with the increase of air content, and was more closely correlated with the air content of hardened concrete compared with that of fresh concrete. (3) The compressive strength of concrete linearly changed with increasing air content, with the correlation coefficient of 0.76. Moreover, there was a certain linear relationship between the compressive strength of concrete and the air-void spacing factor, showing the correlation coefficient of 0.57. (4) In comparison with air content, the salt-frost resistance of the concrete was more closely correlated with the air-void spacing factor. When the air-void spacing factor was smaller than 0.18 mm, the effect of air-void parameters on the salt-frost resistance of the concrete showed a decreasing trend. If the air content of fresh concrete is adopted to control the quality of concrete, 6% is recommended as the standard.
